RECENT STUDIES SHOWED that psychological stress perturbs cutaneous permeability barrier homeostasis (4) . These findings support the concept that psychological stress is an important determinant of the onset and severity of skin diseases such as psoriasis and adult atopic dermatitis (1, 7, 9, 21, 22) . However, the mechanisms by which psychological factors dysregulate cutaneous function are poorly understood. We recently demonstrated that either crowding or immobilization of mice delays permeability barrier recovery after acute barrier insults (4) . Moreover, the delay in barrier repair induced by immobilization was linked further to psychological stress, because treatment with sedative drugs before immobilization restored normal kinetics of barrier recovery (4) . Permeability barrier homeostasis is maintained by the exocytosis of lamellar body contents at the stratum granulosum-stratum corneum interface (6) . After secretion, colocalized hydrolytic enzymes process lamellar body-derived polar lipids into a more nonpolar mixture of ceramides, free fatty acids, and cholesterol (6) . When present in an anhydrous, acidic environment in an approximately equimolar mixture that includes small amounts of cholesterol sulfate, these lipids transform into multilamellar membrane sheets with a characteristic substructure and periodicity (6) .
In the present study, we assessed the effects of psychological stress in another model, i.e., transfer of mice to a new cage environment. Because this method is more convenient than immobilization, more in-depth investigations into responsible pathophysiological mechanisms become possible. Our studies show, first, that transfer to a new environment adversely affects skin permeability barrier homeostasis. Moreover, an increase in endogenous glucocorticoid production, which is deleterious to barrier function, is essential for the barrier abnormalities that occur in response to psychological stress.
MATERIAL AND METHODS

Animals.
All experiments were performed on 5-to 6-wk-old male hairless mice (HR-1, Hoshino, Japan). They were housed in a 12:12-h light-dark environment, with lights on at 0700, at a temperature of 22-25°C and a relative humidity of 40-70% throughout the experiment. Five animals were kept in the same cage (22.5 ϫ 33.8 ϫ 14.0 cm 3 ) together for 10-14 days. The mice were then moved to a different cage of the same size, material, and structure in the same room as their prior cage. Mice in the control group were handled in the same way and then returned to the cage in which they had been kept initially. In some experiments, the immobilization model of psychological stress was employed, as described previously (4) . These studies were approved by the Animal Research Committee of the Shiseido Research Center in accordance with National Research Council guidelines (14) .
Methods of barrier disruption and evaluation of barrier function. Permeability barrier function was evaluated by measurement of transepidermal water loss (TEWL) with an electrolytic water analyzer, as described previously (4) (Meeco, Warrington, PA). Barrier disruption was achieved by sequential applications of cellophane tape or acetone-soaked cotton balls on the animals' flank skin, as described previously (5) . Each procedure was terminated when TEWL measurements reached 7-10 mg · cm Ϫ2 ·h Ϫ1 . Each barrier disruption and subsequent TEWL measurements were carried out under anesthesia with pentobarbital sodium(50 mg/kg). Barrier
The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. recovery rates are expressed as percent recovery because of day-to-day variations in the extent of barrier disruption. In each animal, the percent recovery was calculated by the following formula: 1 Ϫ [(TEWL immediately after treatment Ϫ TEWL at indicated time)/(TEWL immediately after treatment Ϫ baseline TEWL)]ϫ100%.
Plasma corticosterone levels. Blood samples were obtained immediately within 1 min after animals were killed between 0800 and 0900. Trunk blood was collected into heparinized beakers and centrifuged (3,500 rpm ϫ 20 min). The plasma was separated and frozen at Ϫ20°C until assayed. Plasma corticosterone levels were determined by RIA, using a commercially available RIA kit (TKRC1, Diagnostic Products).
Tranquilizer treatment. Chlorpromazine (8 mg/kg, Contomin, Yoshitomi Pharmaceutical) was administered intraperitoneally 30-40 min before the change to another cage. For the control group, the same volume of saline was administered.
Glucocorticoid and receptor antagonist treatment. Corticosterone (Sigma, St. Louis, MO) was dissolved in propylene glycol and administered intraperitoneally (0.4, 4.0, 40, or 400 µg total dose) 24 h before the measurement of barrier recovery. For topical application, 50 µl of a 10-mg/ml solution of corticosterone was applied to a 2 ϫ 3 cm 2 area on one side of flank skin. On the other side, the same amount of vehicle was applied. The glucocorticoid receptor (GR) antagonist RU-486 (mifepristone; Sigma) was dissolved and sonicated in 45% wt/vol cyclodextrin (Trappso, Cyclodextrin Technologies Development, Gainesville, FL) at a concentration of 2 mg/ml. This GR antagonist was administered intraperitoneally at a dose of 400 µg/animal, as reported previously (20) .
Statistics. Statistical differences were determined by Student's t-test and ANOVA test (P values were calculated by Fishers protected least-significant difference test).
RESULTS
Our initial experiments determined the effect of the number of animals per cage on barrier recovery after barrier disruption with tape stripping. In hairless mice housed five to a cage for 10 days, barrier recovery at 3 h was very similar to animals housed one per cage for 10 days (5/cage 62.7 Ϯ 3.4% vs. 1/cage 59.6 Ϯ 2.9% recovery, n ϭ 5 and 3, respectively; not significant). In contrast, mice kept 10 to a cage for 10 days had a delay in barrier recovery (39.0 Ϯ 3.1%, n ϭ 5, P Ͻ 0.001). These results demonstrate that prolonged crowded conditions can alter permeability barrier homeostasis, as shown previously (4).
We next examined whether changes in environment alter barrier homeostasis. The extent of barrier recovery 3 h after tape stripping was compared 1, 3, 6, and 10 days after groups of animals were moved to a new cage. Baseline TEWL did not change in any of the groups during the experimental period (not shown). In contrast, barrier recovery was delayed 1 day after transfer to a new cage, independent of the number of animals, i.e., crowding (Fig. 1 ); yet the rate of normalization of barrier recovery after introduction to a new environment was influenced by the number of animals per cage. Whereas animals housed one per cage displayed normal barrier recovery by 3 days, animals housed five per cage required 6 days, and animals housed ten per cage did not display normal barrier recovery even after 10 days (Fig. 1 ).
To confirm that introduction to a new environment alone alters barrier homeostasis, we next carried out another experiment in which acetone treatment instead of tape stripping was used to disrupt the barrier. Acetone treatment and tape stripping produce equivalent disruptions of the permeability barrier, and barrier repair occurs via identical pathways. In this study, the control group was housed five per cage for 11 days, whereas the stress group was housed five per cage for 10 days and then separated into individual cages 1 day before study. As shown in Fig. 2 , barrier recovery was delayed when animals were moved to a new environment for the final 24 h before study. This experiment confirms that a change in environment adversely affects barrier homeostasis. Together, these results demonstrate first, that moving animals to a new cage environment produced short-term alterations in rates of barrier recovery, independent of crowding. Second, crowding is an additional factor that aggravates barrier homeostasis. To determine if the abnormality in barrier homeostasis induced by a change in environment is due to psychological stress, we next determined the effects of chlorpromazine administration before transfer of animals to new cages. As shown in Fig. 3 , prior administration of chlorpromazine reduces the adverse effect of a change in environment on barrier homeostasis, further suggesting that psychological stress is an important negative determinant of barrier homeostasis.
We next performed a series of studies to determine the metabolic basis for the barrier abnormality. Psychological stress is well recognized to increase plasma corticosterone levels in rodents. One day after transfer of animals to a new cage environment, plasma corticosterone levels were markedly increased, and in animals maintained under crowded conditions, i.e., five or ten per cage, this increase persisted for at least 6 days (Fig.  4) . We did not see any order effect among the mice maintained under crowded conditions with respect to barrier repair or serum corticosterone levels. Moreover, the stress-induced increase in plasma corticosterone could be blocked by pretreatment with chlorpromazine (Fig. 5 ). Although the difference between vehicletreated group and chlorpromazine-treated group was not quite statistically significant (P ϭ 0.06), the significant difference between stress-exposed animals and untreated controls disappeared after chlorpromazine treatment. These results suggest that a stress-induced increase in plasma glucocorticoids could be the metabolic basis for the alterations in barrier homeostasis.
As a test of the potential role of corticosterone, we next determined the effect of the systemic administration of corticosterone on barrier recovery after tape stripping. As shown in Fig. 6 , systemic corticosterone treatment resulted in a marked delay in barrier recovery that was dose dependent. In contrast, the topical application of corticosterone to untreated skin for either 1 or 2 days before acute disruption did not affect barrier recovery, whereas topical application of corticosterone for 3 days caused a slight delay in barrier recovery at 3 h (Fig. 7) . However, topical application of corticosterone for 3 days delayed barrier recovery on both the corticosterone-treated side and the vehicletreated side (Fig. 7) , suggesting that the inhibition of barrier recovery is due to systemic effects of absorbed drug rather than local cutaneous effects of glucocorticoids. These findings suggest further that elevated endogenous corticosteroids are responsible for the abnormalities in barrier homeostasis induced by psychological stress.
To determine whether increased corticosterone production accounts for altered barrier homeostasis, we Fig. 3 . Pretreatment with chlorpromazine reduced delay of barrier recovery induced by transferring animals to a new cage. Hairless mice were kept 5 animals per cage for 10 days and then transferred to individual cages for 1 day. Control animals were kept 5 animals per cage throughout experiment. Thirty to forty minutes before changing animals to another cage, animals were injected intraperitoneally with either 8 mg/kg chlorpromazine or saline. Twenty-four hours after changing animals to a new cage, barrier was disrupted by tape stripping and percent barrier recovery was measured at 3 h. Results are means Ϯ SD. n ϭ 5. As a positive control, RU-486 treatment blocked the ability of systemic corticosterone administration to delay barrier recovery (Fig. 8A) . Most importantly, treatment with RU-486 prevented the delay in barrier recovery induced by a change in cage environment (Fig.  8B) . Moreover, RU-486 also prevented the delay in barrier recovery induced by immobilization, another model for inducing stress in rodents (Fig. 8C) . These results suggest that glucocorticoids are an important mediator of the alterations in barrier homeostasis induced by environmental factors that produce stress.
DISCUSSION
The present study demonstrates that psychological stress induced either by housing large numbers of animals in the same cage or by moving animals to a new cage environment results in abnormalities in barrier function. This derangement in barrier homeostasis also occurs when animals are immobilized, another manipulation that induces stress (4). Thus three different manipulations that produce psychological stress lead to abnormalities in barrier homeostasis. That psychological stress is an important component in causing the barrier abnormality was shown by the effects of chlorpromazine, a sedative. Pretreatment with chlorpromazine blocked the adverse effects of Fig. 6 . Systemic corticosterone delays barrier recovery. Animals were administered indicated dose of corticosterone or saline intraperitoneally 24 h before study. Barrier was disrupted by tape stripping, and percent barrier recovery was determined at 3 h. Results are means Ϯ SE. n ϭ 5; * P Ͻ 0.05, **P Ͻ 0.01, *** P Ͻ 0.0001. Fig. 7 . Effect of topical corticosterone on barrier homeostasis. One flank was topically treated with corticosterone (solid bars) (10 mg/ml applied to 2 ϫ 3 cm 2 flank skin), and other flank was treated with vehicle (hatched bars) for 1-3 days. Barrier was disrupted by tape stripping, and percent barrier recovery was determined at 3, 6, and 9 h. Results are means Ϯ SD. n ϭ 6; ** P Ͻ 0.01. Fig. 8 . RU-486 blocked delay of barrier recovery induced by systemic corticosterone administration, immobilization, and new environment. A: animals were administered 400 µg/animal corticosterone (COR) or saline intraperitoneally 24 h before study. RU-486 at a dose of 400 µg/animal was administered simultaneously. Barrier was disrupted by tape stripping, and percent barrier recovery was determined at 3, 6, and 9 h. Results are mean Ϯ SD. n ϭ 5. B: animals were kept 5 animals per cage for 10 days and then transferred to individual cages for 1 day. RU-486 (400 µg/animal) or vehicle was administered intraperitoneally at time of transfer. Control animals were kept 5 animals per cage throughout experiment. Barrier was disrupted by tape stripping, and percent barrier recovery was determined at 3, 6, and 9 h. Results are mean Ϯ SD. n ϭ 5. C: animals were immobilized for 24 h. RU-486 at a dose of 400 µg/animal or vehicle was administered 1 h before immobilization. Barrier was disrupted by tape stripping, and percent barrier recovery was determined at 3, 6, and 9 h. Results are means Ϯ SD. n ϭ 5.
either immobilization (4) or changes in environment on barrier homeostasis. The present study also provides mechanistic insights about the metabolic basis for the stress-induced abnormality. Glucocorticoids were shown to be a key mediator linking psychological stress with derangements in barrier homeostasis. First, both immobilization and moving animals to a new cage environment increased plasma corticosterone levels. Second, systemic treatment with glucocorticoids produced abnormalities in barrier recovery similar to those observed after psychological stress alone. Last, and most importantly, inhibition of glucocorticoid action by treatment with the GR antagonist RU-486 prevented the abnormality in barrier homeostasis produced by either immobilization or movement of animals to a new cage environment. Thus stress increases plasma corticosterone levels and, by yet to be elucidated mechanisms, the increase in endogenous glucocorticoids adversely affects barrier homeostasis. Because increased endogenous glucocorticoid production is induced by a variety of different stresses including trauma, surgery, infection, and inflammation, it is likely that barrier homeostasis will be compromised in a wide variety of situations. However, glucocorticoids did not adversely affect barrier homeostasis when applied topically unless sufficient glucocorticoids were absorbed to influence both local and distant sites, indicating that the topically applied glucocorticoids were having systemic effects. It is possible, however, that topical applications of a more potent glucocorticoid would have local effects on barrier homeostasis. Sheu et al. (23) reported that long-term topical corticosteroids induced skin barrier abnormalities. How systemic glucocorticoids adversely affect barrier homeostasis remains to be elucidated. Moreover, proopiomelanocortin-related peptides that could be regulated by glucocorticoids, such as corticotropinreleasing hormone and ACTH-melanocortin-stimulating hormone, are produced in the skin (24) and could play a role in permeability barrier homeostasis. Further studies are required to determine the mechanisms by which glucocorticoids regulate barrier homeostasis.
Although our results suggest that stimulation of glucocorticoids by stress plays a major role in the alteration in barrier homeostasis, it is possible that other factors also contribute. For example, group-caged animals, depending on social rank, have variations in serum testosterone levels. Previous studies have shown that testosterone stimulates epidermal lipid synthesis (8) , and this could have an effect on barrier homeostasis. Experiments determining the effect of testosterone on barrier homeostasis have not yet been carried out.
The stress-induced derangements in barrier homeostasis shown here are analogous to the well-recognized perturbations in wound healing induced by psychological stress (12) . We previously demonstrated that immobilization-induced stress reduced epidermal DNA synthesis and also lipogenesis in sebaceous gland (25, 26) . Elevated levels of endogenous or exogenous glucocorticoids also are well known to delay wound healing (2) . Moreover, Padgett et al. (17) recently showed that the delay in wound healing induced by immobilization could be prevented by treatment with the GR antagonist RU-40555. Thus the increase in circulating glucocorticoids could have adverse effects on several aspects of cutaneous homeostasis, and these may include both wound healing and barrier repair. On the other hand, Ramsing and Agner (19) demonstrated that after SDS irritation, topical application of steroids resulted in a faster recovery of the skin barrier function. Steroids are well recognized to reduce inflammation, and it is likely that the enhancement of barrier recovery was due to the anti-inflammatory effects of steroids.
It has been recognized for many years that psychological stress is an important factor associated with the onset and exacerbation of a number of cutaneous diseases (1, 7, 9, 21, 22) . The abnormality in barrier homeostasis induced by psychological stress could have adverse effects on cutaneous function, leading to pathophysiological alterations. Barrier disruption is associated with both an increase in keratinocyte proliferation, which can result in epidermal hyperplasia (5, 18) , and an increase in cytokine production and secretion (15, 27) , which can result in cutaneous inflammation.
In previous studies, we demonstrated that even relatively small disruptions of the barrier induced epidermal hyperplasia and cytokine secretion when the barrier was disrupted repeatedly (5). We also reported that the epidermal proliferative response and mast cell degranulation induced by barrier disruption were amplified drastically by environmental low humidity (3). Thus even relatively minor defects in barrier homeostasis could potentially produce cutaneous abnormalities, including hyperplasia and/or inflammation. Moreover, certain skin diseases, such as psoriasis and atopic dermatitis, are associated with abnormal barrier homeostasis (10, 16) . Psychological stress superimposed on disease-specific abnormalities in barrier homeostasis could potentially further exacerbate the barrier abnormality in these disorders, aggravating or exacerbating disease. Our observations that psychological stress increases systemic glucocorticoid levels provide a pathophysiological link not only between psychological stress but also any type of stress associated with elevated endogenous glucocorticoids and abnormalities in barrier homeostasis. Delineating the pathways linking psychological stress to barrier dysfunction could result in rational treatment strategies aimed at blocking the stress-induced cascade.
Perspectives
A number of common dermatologic disorders, including atopic dermatitis, psoriasis, and dyshidrotic eczema, are exacerbated by psychological stress (1, 7, 9, 13) . Alterations in permeability barrier function frequently occur in these disorders (10) , and by stimulating cytokine production and inducing epidermal hyperplasia, barrier dysfunction may play a role in triggering or sustaining these cutaneous abnormalities. Stress reduction has been shown to accelerate lesion resolution in psoriatic patients treated with ultraviolet light (11) . The present study suggests that one mechanism by which stress could exacerbate skin disorders is to perturb permeability barrier homeostasis. Additionally, the present study suggests that the stress-induced stimulation of glucocorticoids by pathways that remain to be elucidated plays an important role in these alterations in permeability barrier homeostasis. It therefore may be possible to improve or ameliorate certain cutaneous disorders by specifically blocking the pathways by which stress produces defects in permeability barrier homeostasis. This strategy could result in novel therapeutic approaches to treat cutaneous disorders.
